Glucokinase is one of the promising targets for glucose-lowering agents, and the development of GK activators are now considered as one of the most promising strategies for the treatment of type 2 diabetes mellitus. In this work, a series of novel symmetric molecular constructs, in which two pyridoxine moieties are connected via sulfur-containing linkers, have been synthesized and tested in vitro for glucokinase activation potential. The enzyme activation rates by two most active compounds at 100 μM (~150% and 130%) were comparable to that of the reference agent PF-04937319 (~154%). Both leading compounds demonstrated low cytotoxicity and excellent safety profile in acute toxicity experiment in rats after oral administration with LD 50 exceeding 2000 mg/kg of body weight. Binding mode of the active compounds in comparison with the reference agent was studied using molecular docking. The leading compounds represent viable preclinical candidates for the treatment of type 2 diabetes mellitus, as well as a promising starting point for the design of structural analogs with improved activity.
considered as one of the most promising strategies for T2DM treatment. Several GKAs reached phase II clinical trials. Among them are Piragliatin 8 , AMG-151 (ARRY-403) 9 , PF-04937319 10 , and RO-5305552 (HMS5552) 11 shown in Suppl. Fig. 1 . However, despite extensive studies in this area for the last 15 years, there are currently no GK activators that reached the market. The known GK activators have a number of side effects, such as narrow therapeutic window and concerns regarding potential effects on lipid metabolism, which strongly limit their potential utility and explain the reasons for failure in clinical trials. Therefore, the design and discovery of novel chemotypes of GKAs which do not possess such disadvantages is of a great interest for the pharmaceutical industry 12 .
In the framework of our GKAs discovery strategy based on screening of diverse chemical libraries, we have performed a virtual screening procedure using a molecular docking approach. The obtained in silico hits were then screened in in vitro assays. As a result, we have obtained a series of active compounds reported in this paper. These molecules appeared to be a novel chemotype of GKAs, which have not been described to-date in the scientific literature in the field.
Results
In this paper, we present a new chemical type of GKAs. The synthetic route is shown in Fig. 1 . Chloride 2 was synthesized from initial pyridoxine hydrochloride 1 using our previously reported methods [13] [14] [15] . Interaction of 2 with Na 2 S or Na 2 S 2 in the presence of catalytic amounts of tert-butyl ammonium bromide (TBAB) in a heterophase H 2 O-CHCl 3 medium led to dimers 3 and 4, respectively. These compounds were then hydrolyzed under mild acidic conditions to give the corresponding hexaols 5 and 6. Oxidation of sulfide 5 with 2-fold excess of H 2 O 2 in AcOH/H 2 O under room temperature, or 8-fold excess of H 2 O 2 in the same solvent mixture at 50 °C led to sulfoxide 7 of sulfone 8, respectively. The synthesis is straightforward and reproducible.
The ability of the synthesized compounds 5-8 to activate GK in vitro was then studied. PF-04937319 10 (Suppl. Fig. 1 ), a potent GK activator that had been developed in phase II clinical studies at Pfizer for the oral treatment of type 2 diabetes (discontinued in 2015), was used as a positive control. All the studied compounds appeared to be potent GK activators ( Table 1 ). The nature of the linking sulfur-containing group significantly influenced the activity level. Thus, the GK activation rates by compounds 5 and 6 at 100 μM (~150% and 130%, respectively) were comparable to that of the reference drug (~154%) at the same concentration. Compounds 7 and 8 were less active (the activation rates 84.5% and 90.7%, respectively) under the same conditions. The 50% effective concentrations of the leading compounds 5 and 6 (18.6 and 33.4 μM) were approx. 3-5 times higher than EC 50 of PF-04937319. It is interesting and practically important to understand possible reasons for the increased activity of sulfide 5 in comparison with its oxidized derivatives 7 and 8. Analysis of 1 H NMR data reveals strong intramolecular interactions between the linker SO (or SO 2 ) groups and the hydroxymethyl groups in position 5 of the pyridoxine ring. Thus, a splitted signal is observed corresponding to H a and H b protons of the 5-hydroxymethyl group in 1 H NMR spectrum of sulfoxide 7; at the same time, such a splitting is not found in 1 H NMR spectrum of sulfide 5. This effect can be explained by a hindered rotation of the 5-hydroxymethyl group around the C Ar -C(OH) bond that can stabilize molecular conformations which are not optimal for effective binding. Cytotoxicity of compound 5-8 was evaluated in human skin fibroblast (HSF) cells. All the compounds demonstrated low cytotoxicity with CC 50 > 1.0 mg/mL. Acute toxicity of the leading compounds 5 and 6 was estimated in rats following oral administration. It was found that LD 50 for both compounds exceeded 2000 mg/kg of body weight ( Table 2 ). The obtained in vitro cytotoxicity data well correlate with the observed low acute toxicity in animals, thus suggesting very good potential safety of the obtained compounds.
All the most powerful GKAs interact with the allosteric site, which is confirmed by the method of point mutations 16 . The binding mode of the obtained compounds 5-8 and the reference agent PF-04937319 to the allosteric site of GK was analyzed using molecular docking approach according to previously described method 17 . The values of the minimum docking energy of the five compounds are given in Table 1 . Taking into account the error of the method, ΔE values of the new compounds 5-8 do not significantly differ from each other, while ΔE value of the reference agent is substantially lower thus suggesting its higher activity. Thus, the calculated energy values are symbatic with the observed EC50 levels (Table 1) , all points are within 95% confidence interval. Probably, the level of activity of compounds 5-8 is determined not only by the energy, but also by the nature of the binding and the poses of the molecules into the GK site.
The key binding interactions of the most active compound 5, the least active compound 8, and the reference agent PF-04937139 in the allosteric site of GK are shown in Fig. 2 . The docking poses of all three compounds in the GK site are shown in Fig. 3 .
In molecule 5 there is a pyridine ring forming a stacking interaction with TYR214; three groups form hydrogen bonds with THR65, GLY68, TYR214; two fragments participate in non-specific hydrophobic interactions with VAL91, TRP99, VAL101, MET210, ILE211, TYR214, TYR215, MET235, LEU451, ALA454. In molecule 8 there is a pyridine ring forming a stacking interaction with TYR214; five groups form hydrogen bonds with THR65, GLU67, GLY68, SER69, TYR214; two fragments are involved in hydrophobic interactions with THR65, VAL91, TYR214, LEU451, ALA454, VAL455.
In molecule PF-04937139 there is no stacking; only one group forms a hydrogen bond with ARG63; two fragments are involved in hydrophobic interactions with ILE159, MET210, ILE211, TYR214, MET235, and ALA456.
Discussion
Comparison of the binding interactions demonstrates clear difference in the binding modes of the synthesized compounds and PF-04937139. Thus, the reference agent does not have any stacking interactions and forms only one hydrogen bond with amino acid ARG63 other than those involved in interaction with 5 and 8. Of the six amino acids involved in hydrophobic interactions, the following ones are equivalent: MET210, ILE211, TYR214 and MET235 for PF-04937139 and 5; TYR214 for PF-04937139 and 8. It can be suggested that the hydrophobic interaction profiles of PF-04937139 and 5 are more similar than those of PF-04937139 and 8. PF-04937139 has four binding points in the binding site, while compound 5 has seven binding points, and compound 8 has nine binding points. Thus, compounds 5 and 8 are more strongly and rigidly fixed to the binding site than PF-04937139. The following differences are observed in the calculated binding modes for structures 5 and 8 versus the reference agent PF-04937139: 1) a stacking with the pyridine ring; 2) increased number of hydrogen bonds; 3) two but not three areas of hydrophobic interactions; 4) the lack of a semi-rigid chain with an aromatic hydrophobic "tip". These differences primarily suggest that the conformational adaptability of the activator molecule to the peculiarities of the allosteric site of glucokinase is essential for GK activity.
For comparison, Fig. 4 shows both molecules aligned with PF-04937139 in the binding site. The poses of 5 and 8 only partially overlapped with the pose of PF-04937139. In general, molecule 5 is better aligned with a N,N-dimethylpyrimidine-2-carboxamide moiety of PF-04937139 than molecule 8. This difference can partially explain the higher in vitro activity of compound 5. On the other hand, both compounds 5 and 8 do not have a second hydrophobic binding point with ALA456 and ILE159, which in molecule PF-04937139 is represented by a methyl group at position 5 of the pyrazine ring (marked in red in Fig. 4 ). In Fig. 5 we make a comparison between the GK activity and docking energy of compounds 5-8 and PF-04937139.
In conclusion, herein we report the synthesis, in vitro activity and cytotoxicity data, in vivo acute toxicity data, and the molecular docking study results for a series of novel potent activators of glucokinase. The leading compounds represent viable preclinical candidates for the treatment of type 2 diabetes mellitus, as well as a promising starting point for the design of structural analogs with improved activity.
Methods
Synthetic procedures. 1 H NMR spectra were recorded on Bruker AVANCE 400 spectrometer at operating frequency 400 MHz. 13 C NMR spectra were recorded on a Bruker AVANCE 400 spectrometer at operating Rats/male (n = 6) >2000 >2000 HRMS mass spectra were obtained on a quadrupole time-of-flight (qTOF) AB Sciex Triple TOF 5600 mass spectrometer using turbo-ion spray source (nebulizer gas nitrogen, a positive ionization polarity, needle voltage 5500 V). Recording of the spectra was performed in a TOF MS mode with a collision energy 10 eV, declustering potential 100 eV and with resolution more than 30 000 full-width half-maximum. Samples with the analytes concentration 5 μmol/l were prepared by dissolving the test compounds in a mixture of methanol (HPLC-UV Grade, LabScan) and water (LC-MS Grade, Panreac) with a ratio of 1:1.
Bis((9-acetoxy-3,3,8-trimethyl-1,5-dihydro- [1, 3] dioxepino [5,6-c] pyridin-6-yl)methyl)sulfide (3). 2.00 g (6.7 mmol) of compound 2 was dissolved in 50 ml of chloroform. 6.07 g (13.3 mmol) of sodium sulfide nonahydrate and 0.09 g (0.3 mmol) of tetrabutylammonium bromide were dissolved in 50 ml of distilled water. Obtained solutions were mixed together and vigorously stirred for 12 h at rt. Organic layer then was separated and evaporated in vacuo. The residue was purified using column chromatography (gradient of chloroform-ethyl acetate) to obtain 1.33 g (71%) of compound 3 as light yellow oil. 1 Bis((9-acetoxy-3,3,8-trimethyl-1,5-dihydro- [1, 3] dioxepino [5,6-c] pyridin-6-yl)methyl)disulfide (4). 3.37 g (14.0 mmol) of sodium sulfide nonahydrate was dissolved in 150 ml of distilled water and 0.45 g (14.1 mmol) of sulfur was added. The mixture was stirred until the complete dissolution of sulfur. After that 0.18 g (0.6 mmol) of tetrabutylammonium bromide was added. To the resulting mixture a solution of 4.21 g (14.0 mmol) of compound 2 in 100 ml of chloroform was added. Reaction mixture was vigorously stirred for 12 h at rt. Organic layer then was separated and evaporated in vacuo. The residue was purified using column chromatography (gradient of chloroform-ethyl acetate) to obtain 2.66 g (64%) of compound 4 as white crystalline solid with m.p. 141-143 °C. (5) . 1.00 g (1.8 mmol) of compound 3 was dissolved in 20 ml of 2 M hydrochloric acid. Solution was stirred at 50 °C for 1 h. Then NaHCO 3 was added until pH = 6.5. The precipitate formed was filtered off, washed with 10 ml of distilled water and dissolved in 10 ml of 2 M hydrochloric acid. This solution was evaporated in vacuo to obtain 0.74 g (89%) of compound 5 as white crystalline solid with m.p. 185-187 °С. 1 (6) . 0.56 g (0.9 mmol) of compound 4 was dissolved in 20 ml of 2 M hydrochloric acid. Solution was stirred at 50 °C for 1 h. Then NaHCO 3 was added until pH = 6.5. The precipitate formed was filtered off, washed with 10 ml of distilled water and dissolved in 10 ml of 2 M hydrochloric acid. This solution was evaporated in vacuo to obtain 0.38 g (85%) of compound 6 as white crystalline solid with m.p. 198-200 °С. 1 Bis(5-hydroxy-3,4-bis(hydroxymethyl)-6-methylpyridin-2-yl)methyl)sulfoxide dihydrochloride (7) . 1.00 g (2.1 mmol) of compound 5 was suspended in 15 ml of glacial acetic acid and 0.35 ml (4.2 mmol) of 36% hydrogen peroxide solution in water was added. Distilled water was added dropwise to this mixture while stirring until the clear solution was obtained. Reaction mixture left overnight at r.t. and then evaporated in vacuum. Residue was dissolved in isopropanol, and upon standing the white precipitate was formed. The precipitate was filtered off and dried to obtain 0.87 g (84%) of compound 7 as white crystalline solid with m.p. 183-184 °C. 1 Bis (5-hydroxy-3,4 -bis(hydroxymethyl)-6-methylpyridin-2-yl)methyl)sulfone dihydrochloride (8) . 1.00 g (2.1 mmol) of compound 5 was suspended in 15 ml of glacial acetic acid and 1.43 ml (17.0 mmol) of 36% hydrogen peroxide solution in water was added. Distilled water was added dropwise to this mixture while stirring until the clear solution was obtained. Reaction mixture was stirred for 4 h at 50 °C and then evaporated in vacuo. Residue was dissolved in propanol, and upon standing the white precipitate was formed. The precipitate was filtered off and dried to obtain 0.55 g (52%) of compound 8 as white crystalline solid with m.p. 181-183 °C. 1 Molecular modeling study. The building of 10 conformations of each compound was performed in the program MarvinSketch 17.1.23 (ChemAxon Kft. http://www.chemaxon.com/products/marvin/marvinsketch/). These conformations were optimized in the MOPAC2016 program (Stewart Computational Chemistry, http:// openmopac.net) and the best ones with minimal energy were selected.
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Docking the best conformations of molecules 5-8 and PF-04937139 in three X-ray models of the human GK (PDB codes are 3H1V, 4ISE, 4IXC) was carried out using the program AutoDock Vina 1.1.1 18 , every compound 5 times per model, with the determination among 15 calculated values of the minimum docking energy. Three best models were selected from the 30 X-ray models by means of the procedure outlined in 17 . 35 known GKAs were selected, passing through the 1st, 2nd or 3rd stages of clinical trials. The conformations of these 35 standards were optimized using the procedure described above. The best conformations of the standards (five times in each model) were docked in 30 X-ray GK models found in the PDB https://www.rcsb.org/. For each GK model, the average value of the minimum docking energies of the standards was calculated. The three best models were selected in accordance with three minimum average values of docking energies of standards.
The location of the allosteric site was determined using information about the binding amino acids according to the data previously published 19 . Two lists of binding amino acids were compared: one was determined by the method of point mutations 20 and second was found by X-ray analysis 19 . As a result, the list of 19 key amino acids of the GK site was obtained: Val62, Arg63, Ser64, Thr65, Gly68, Ser69, Gly72, Val91, Trp99, Met210, Ile211, Tyr214, Tyr215, Met235, Leu451, Val452, Val455, Lys458, Lys459. Based on this data, using the PyRx 0.8 program https://sourceforge.net/projects/pyrx/, where the docking space covering the allosteric GK site was built. Analysis of the binding mechanism was performed using the LigandScout 4.1 program (Ligand GmbH. http://www.inteligand.com/ligandscout/).
Cytotoxic activity.
In vitro experiments were carried out in accordance with relevant guidelines and regulations set forth by the European Communities Council Directive 2010/63/EU. All experimental protocols were approved by the Animal Care and Use Committee of Kazan Federal University, Russia and informed consent was obtained from all subjects. Briefly, human skin fibroblasts (HSFs) were isolated from the skin explant according to the conventional protocol 21 . HSFs cells were cultured in the minimum essential medium Eagle (α-MEM) supplemented with 10% fetal bovine serum, 2 mM L-glutamine, 100 µg/mL streptomycin and 100 U/mL penicillin under standard conditions (37 °C, 5% CO 2 atmosphere). Adhered cells were collected from the culture flask by detaching them with trypsin-EDTA solution. Suspended cells were washed by centrifugation at 200 g in PBS.
Cytotoxic concentrations (CC 50 ) of compounds were determined with the use of MTT assay. Cells were pre-seeded in 96-well plate at the density of 2000 cells per well and cultured with adding a series of diluted water solutions of compounds for 3 days under standard conditions. Culture medium in the plate was then replaced by the fresh one supplemented with 20 μL 5 mg/mL MTT and additionally kept for 3 h to allow for reduction of MTT into colored product (formazan) by metabolically active cells. Then the solution was removed and DMSO (100 μL) was added to solubilize the formazan crystals. Optical absorbance of produced formazan, proportional to viable cell number, was registered on Infinite 200 PRO analyzer at 550 nm (the reference wavelength 650 nm). CC 50 values were generated by fitting relative responses to the mean of mQ treated controls using the variable slope dose-response curve fitting function within Origin software. Upper bounds for curve fitting were set as the mean of mQ treated negative controls. At least nine dose response points and three biological replicates were used to determine dose response curves.
Acute toxicity in rats.
In vivo experiments were carried out in accordance with relevant guidelines and regulations set forth by the European Communities Council Directive 2010/63/EU. All experimental protocols were approved by the Animal Care and Use Committee of Kazan Federal University, Russia. Toxicological experiments were performed using intragastric injection of the different compounds in rats weighting 180-220 g. Rats were maintained on a 12 h light/dark cycle (light from 7:00 a.m. to 7:00 p.m.) at 20-22 °C and 60-70% relative humidity. One dose of 2000 mg/ kg (causing compound is likely to be nontoxic) was used with 12 animals (6 males, 6 females). Animals are observed individually after dosing at least once during the first 30 minutes, periodically during the first 24 hours, with special attention given during the first 4 hours, and daily thereafter, for a total of 14 days. During these period symptoms of intoxication were recorded. LD 50 , dose (in mg/kg) causing lethal effects in 50% of animals, was taken as a criterion of toxicity.
